ABSTRAn. We studied the postnatal development of hepatic bile acid conjugation in the rat. Overall conjugating activity (homogenate assay) and the activity of the individual enzymes involved in the two step conjugation reaction (coenzyme A-bile acid thioester formation by microsomal cholyl-CoA ligase and amino acid transfer to this intermediate mediated by cytosolic cholyl-CoA:taurine N-acyltransferase were measured on days 1,7, 14, 21, and 56 of life. Cholic acid conjugation was significantly lower in the suckling rat on days 1,7, and 14 compared to the adult rat on day 56. At weaning (21 days) there was a marked increase in homogenate activity to a level higher than at 56 days. This peak in conjugating activity could be precociously induced on day 14 by cortisone acetate injection on days 10 through 13. Both cholyl-CoA ligase and cholylCoA:taurine N-acyltransferase activities were significantly lower during the first 14 days of life in comparison with 56 days. At 21 days of age there was a sharp increase in cholyl-CoA ligase activity to 1.5 times the activity in the adult; however, cholyl-CoA:taurine N-acyltransferase activity remained less than half of that found in the adult. We conclude that 1) cholic acid conjugation, as assessed by determination of either total conjugating activity or by the individual enzymatic steps, is decreased in the suckling rat; 2) the peak in conjugating activity noted at weaning may be mediated by the hormonal milieu, and 3) cholylCoA ligase activity closely parallels the increase in total activity and appears to be rate-limiting during development. (Pediatr Res 19: 97-101,1985 (1 5). Conjugation lowers the pKa of bile acids and thus ensures that they are largely iol.--ed at the pH range normally found in the intestinal lumen (25). Ionized conjugates are poorly absorbed by passive mechanisms in the upper small intestine and therefore remain available for micelle formation and solubilization of dietary lipid. An enterohepatic circulation then occurs through preferential active transport of conjugated bile acids by ileum and liver (17, 23). A recent study suggests that conjugation may be a rate-limiting step in bile secretion (35). Conjugation, particularly of mono-and dihydroxy bile acids, may also decrease the potential toxicity of these compounds to the intestinal brush border and to the hepatocyte (7, 27).
N-2-hydroxyethylpiperazine-N'-Zethanesulfonic acid
Bile acids are conjugated in the liver with the amino acids taurine or glycine prior to biliary excretion (5). The microsomal enzyme cholyl-CoA ligase initiates this process with formation of a bile acid-coenzyme A thioester. Bile acid-CoA:amino acid N-acyltransferase then catalyzes the reaction of this intermediate in cytosol with taurine or glycine to form the final conjugated product (1 5). Conjugation lowers the pKa of bile acids and thus ensures that they are largely iol.--ed at the pH range normally found in the intestinal lumen (25) . Ionized conjugates are poorly absorbed by passive mechanisms in the upper small intestine and therefore remain available for micelle formation and solubilization of dietary lipid. An enterohepatic circulation then occurs through preferential active transport of conjugated bile acids by ileum and liver (17, 23) . A recent study suggests that conjugation may be a rate-limiting step in bile secretion (35) . Conjugation, particularly of mono-and dihydroxy bile acids, may also decrease the potential toxicity of these compounds to the intestinal brush border and to the hepatocyte (7, 27) .
At birth the enterohepatic circulation of bile acids is not fully developed. Bile acid synthesis is decreased (33) and immaturity of synthetic pathways may lead to the production of unusual bile acid species (28). The circulating pool of bile acids is low and as a result intestinal concentrations may be inadequate for optimal fat digestion (34). Active transport of bile acids by both liver and gut is markedly decreased in comparison with the adult (19, 29) . Previous studies indicate that bile acid conjugation is also immature at birth in the rat and hamster; there is, however, little information about the ontogeny of conjugation or the specific enzymes involved in this process (4, 14) . In this study we show that overall bile acid conjugation and the activity of these enzymes were markedly decreased in the suckling rat. There was a characteristic pattern of development for each enzyme which could be related to overall bile acid conjugation and which correlated with known changes in the enterohepatic circulation of bile acids in the suckling and weanling rat.
MATERIALS AND METHODS

Animals. Pregnant Sprague-Dawley rats were obtained from
Charles River Breeding Laboratories (Wilmington, MA) and allowed to deliver in our animal quarters for studies of 1-and 7-day-old pups. Older (suckling and weanling) rats were obtained from the same source along with their dams at least 1 wk prior to study. Rats were housed in a temperature-controlled room at 22" C with alternating 12-h light-dark cycles. Dams and weanlings were maintained on Purina Rat Chow (St. Louis, MO) and water ad libitum. All animals were sacrificed by cervical dislocation. Analytical assays. Protein (2 I), NADPH-cytochrome C reductase (26), and succinate-cytochrome C reductase (3 1) were determined according to standard methods.
The homogenate assay for bile acid conjugates was modified slightly from the method of Lim and Jordan (18) . One gram of liver (tissue was pooled from suckling animals) was homogenized in 4 ml of ice-cold 250 mM sucrose, 5 mM Tris-HC1 buffer, pH 7.4 with 1 mM disodium EDTA using 10 up and down strokes at 400 rpm of a Potter-Elvehjem tissue homogenizer. Ten milligrams of homogenate protein were added to a reaction mixture containing 2.5 pCi of [carboxyl-14C-]-cholic acid, 0.5 mM sodium cholate, 5 mM taurine, 17 mM nicotinamide, 0.65 mM MgCl,, 0.75 mM EDTA, 0.63 mM ATP, 0.12 M KH2 PO4/(). 12 M K2H PO4 (pH 7.4) in a total volume of 3 ml. Samples were incubated in duplicate at 37" C for 30 min in a shaking water bath. A tube containing the same reagents plus boiled homogenate served as a blank. The reaction was stopped by freezing each tube in acetone and dry ice. Bile acids were extracted three times with 0.1% NH40H in ethanol at 90" C. Supernatants were pooled, evaporated to dryness under nitrogen, and resuspended in 0.4 ml of chloroform/methanol(2: 1). An aliquot of each sample was applied to a 250p Silica Gel G TLC plate and developed in a solvent system containing chloroform/methanol/acetic acid/ water (65:24: 15:9) (3). Standards were visualized in iodine vapor and bands corresponding to standards and intermediate zones were scraped into scintillation vials. Bile acids were eluted from the Silica Gel by addition of 3 ml of ethanol. Ten milliliters of scintillation fluid (Insta-Gel) were added to each vial and the samples were counted in a Beckman LS-7500 scintillation counter with quenching corrected by an external standard ratio technique.
[14C]-taurocholate formed from the initial ['4C]-cholic acid was determined after subtraction of the blank. Conjugating activity was expressed per minute and per milligram of homogenate protein. Taurine conjugates comprised greater than 95% of the conjugates formed at every age. In preliminary studies the rate of product formation was linear for 60 min.
Total bile acid conjugating activity was also measured on day 14 after pups received subcutaneous injections with a pharmacological dose of cortisone acetate (10 mg/100 g body weight) on days 10 through 13. Vehicle-injected litter mates served as controls. Corticosteroids have been used in previous studies to induce developmental changes in liver and intestinal enzymes (9, 12).
Cytosolic and microsomal fractions were prepared for the enzyme assays by homogenizing 2 g of liver in 12 ml of ice-cold 250 mM sucrose, 5 mM MOPS buffer (pH 7.4) using 10 up and down strokes of a Potter-Elvehjem tissue homogenizer driven at 400 rpm. The homogenate was centrifuged at 12,000 x g for 10 min at 4" C in a Sorvall RC2-B centrifuge. An aliquot of the supernatant was further centrifuged at 245,000 x g for 70 min in a Beckman L8-55 ultracentrifuge. The 245,000-g supernatant was used for the determination of cholyl-CoA:taurine N-acyltransferase activity; the microsomal pellet was resuspended in 1 ml of the original buffer for determination of cholyl-CoA ligase activity. Protein and the intracellular enzymes, NADPH cytochrome C reductase and succinate cytochrome C reductase, were measured in all fractions prepared from two experiments each at 7 and 56 days to demonstrate comparable recovery and enrichment of microsomes in developing and mature rats.
Cholyl-CoA ligase was measured by the method of Polokoff and Bell (22) as modified by Killenberg (15); 0.25 mg of microsomal protein were added to a reaction mixture containing 5 mM ATP, 5 mM MgC12, 0.2 mM cholic acid, 0.2 mM Coenzyme A, 50 mM NaF, 100 mM sodium phosphate, pH 7.5, and 5-10 x lo4 cpm of [carboxyl-14C]-cholic acid which had been preequilibrated at 37" C. Samples were incubated in duplicate in a shaking water bath for 5 min. Controls consisted of the reagents, minus microsomal protein, incubated at 37" C and the complete system incubated at 4" C. The reactions were terminated by the addition of 0.5 ml of ice-cold methanol. Test tubes were then left on ice for 5 min, covered, and centrifuged to precipitate protein. An aliquot of supernatant (0.7 ml) was added to 0.5 ml of 6% (v/v) perchloric acid. Bile acids were extracted from this mixture twice with 10 ml of ethyl ether. Greater than 98% of unreacted bile acids were extracted with the ethyl ether while the ether-insoluble cholyl-CoA product remained in the aqueous phase (22). Ether residue was removed from each sample by suffusion with dry nitrogen gas for 20 s. Aliquots were neutralized with 1 1.5 N ammonium hydroxide and counted in a scintillation counter. Blanks, in which microsomal protein was omitted or in which the reaction mixture was incubated at 4" C, showed little or no product formation.
Cholyl-CoA:taurine N-acyltransferase was measured by a continuous spectrophotometric method as described by Killenberg (16) . In this assay amino acid dependent, enzymatic release of CoASH was measured by recording the rate of reduction of the blue dye DCPIP in the presence of PES. The reaction mixture contained 25 mM HEPES buffer, pH 7.2, 50 pM cholyl-CoA, 50 pM DCPIP, 20 pM PES, 1 mg of defatted bovine serum albumin, 20 mM taurine, and 0.05 to 0.10 mg of cytosolic protein in a final volume of 1 ml. All reagents except taurine were first filtered ( 0 . 4 5~ Millipore filter), mixed, and warmed to 30" C for 2 min. Cytosolic protein was then added and after 1 min taurine or distilled water (0.2 ml) was added with rapid mixing. The change in absorbance at 600 nm was measured at 30" C for 4 min on a Gilford 260 recording spectrophotometer. The rate of reaction was linear in excess of 4 min as long as the cytosolic protein was diluted to ensure a final rate of reduction less than 1.2 nmol/min as recommended by Killenberg (16). The specific activity of the enzyme (nmol min-' mg-' protein) was calculated as the difference in the rate of loss of absorbance in the presence and absence of taurine. A control incubation was always run in parallel which contained the protein and reagents except for cholyl-CoA to correct for nonspecific reduction of DCPIP.
Statistics. Comparison of results between each age group was made using Student's t test for unpaired data. All results are expressed as means 2 SE.
RESULTS
Recovery of cell protein and intracellular marker enzymes.
Liver homogenate, cytosol, and a relatively crude microsomal preparation were used for assays in this study. It was, therefore, important for interpretation of the data to ensure that the protein content in the various fractions and that the enrichment of intracellular marker enzymes were comparable for the adult and developing rat. The percent of,total homogenate protein recovered in the cytosolic fraction was 27.9% for 56 day and 23.3% for 7 day animals ( Table 1 ). The protein content of the microsomal fraction represented 8.9 and 6.8% of the homogenate total protein in 56 and 7 day rats, respectively.
Activities of the microsomal enzyme, NADPH cytochrome C reductase, and the mitochondrial enzyme, succinate cytochrome C reductase, were predictably lower in the 7-day-old pup. However, 31.9 and 26.7% of homogenate NADPH cytochrome C reductase activity were recovered in the microsomal fraction for the 56-and 7-day-old rats, respectively; microsomal fractions were enriched approximately 4-fold in this enzyme at both ages. Recovery and relative specific activity in each fraction were also similar for succinate cytochrome C reductase; there was minimal contamination of the microsomes with this mitochondrial enzyme.
Ontogeny of hepatic bile acid conjugation homogenate as- say. ~h~ ability ofthe liver to conjugate cholic acid with acid conjugation. Parentheses within each bar refer to number of duplithe amino acid taurine was examined with a homogenate assay cate assays at various ages between 1 and 56 days of age (Fig. 1) . At birth bile acid conjugation was markedly decreased in comparison Bile acid conjugating enzymes, On the lst day of life forwith the other age groups. Conjugating activity doubled b~ 7 mation of the activated coenzyme A-bile acid thioester by cholyldays of age but little further change was noted through day 14 CoA ligase was only 8% of adult activity (Fig. 3) . Also transfer when conjugation was still significantly less than the adult. The oftaurine to this intermediate by cholyl CoA:taurine ~-a c~l t~~~~ ability to form conjugated cholic acid increased more than 2-ferase was 10% of that seen in the 56-day-old rat (Fig. 4) . ~0 t h fold during the 3rd wk of life and in weanling rats, studied on enzymes increased several-fold during the suckling period but at day 2 1, activity exceeded the level of the 56-day-old rat.
14 days of age activity remained far less than that of the adult
Effect of cortisone acetate treatment on hepatic bile acid animal. The activity of the ligase sharply increased at weaning conjugation. Injection of IO-day-old rats with cortisone acetate to 1.5 times the level of the adult. In contrast, transferase activity for 4 C O~S~C U~~V~ days Was able to induce a premature increase at 2 1 days remained less than half of that found in the adult. in overall bile acid conjugating activity (Fig. 2) . Formation of bile acid conjugates by liver homogenates from steroid-treated animals was significantly higher on day 14 than in normal pups DISCUSSION or in vehicle-injected litter mates, but not significantly different Bile acid conjugates have been detected in meconium of from that of weanling rats on day 21. Activity in vehicle-injected human fetuses as early as wk 14 of gestation and in liver of rats animals was also significantly higher than normal pups probably as early as day 15 of gestation. These bile acid conjugates may as a result of the stress involved with handling and injection.
reflect both endogenous synthesis by the fetal liver and to a lesser extent transplacental acquisition from maternal serum (2, 20) . Recent studies using liver explants from human and rat fetuses confirm that bile acids are conjugated by the fetal liver (8, 10) . Other studies have shown that glucocorticoids are able to increase and to maintain bile acid conjugation in culture of fetal rat hepatocytes (8). Danielsson and Rutter (4) were first to demonstrate that bile acid conjugation in liver homogenates from fetal and neonatal rats was much lower than in the adult. Jordan and Killenberg (14) later showed that the enzymes which mediate bile acid conjugation, cholyl-CoA ligase and cholyl-CoA:amino acid N-acyltransferase, were decreased in the fetal and neonatal hamster liver and that both enzymes increased in parallel postnatally.
Our data confirm that bile acid conjugation, as determined by a homogenate assay, was decreased during the neonatal and suckling period in the rat. This assay should reflect the net contribution of each of the enzymatic steps involved in bile acid conjugation and therefore provided a framework for the analysis of these enzymes during development. Conjugating activity increased progressively during early life and was actually higher at weaning than in the adult. This developmental change was similar to that observed for the activity of several enzymes such as intestinal sucrase and hepatic alanine aminotransferase (6, 11). The timing suggested to us that the rate of maturation of bile acid conjugation may be related to the increase in serum corticosterone levels which occurs during the 3rd wk of life in the rat. A cluster of other hepatic enzymes which are influenced by this hormonal change has been described by Greengard (9). Our results are in agreement with these studies since we were able to precociously induce bile acid conjugating activity with exogenous corticosteroids.
Activity of cholyl-CoA ligase, which forms the activated coenzyme A-bile acid thioester, has been localized primarily to the microsomal fraction of the hepatocyte (1 5, 18). CholylCoA:taurine N-acyltransferase activity resides in the soluble portion of the cell (15, 18). We took great care to ensure that our microsomal preparations from the developing and mature rats were comparable. Several authors have cautioned that microsomes from developing rat liver may not vesiculate during tissue homogenization and therefore would pellet during the initial low speed centrifugation (24). In our study the initial centrifugation was performed at a lower rate than that used by Jordan and Killenberg. This resulted in similar microsomal but not increased mitochondria1 enrichment at each age. We therefore believe that the marked age-related changes in enzyme activities described in this study cannot be explained simply on the basis of differences in cell fractionation.
The development of each of the specific enzymes involved in bile acid conjugation, cholyl-CoA ligase and cholyl-CoA:taurine N-acyltransferase, paralleled the increase in total conjugating activity during the suckling period. Although both enzymes increased 5-fold during the suckling period, activity at 14 days was still far below the level of the adult. At weaning cholyl-CoA ligase activity exceeded that of the adult, while cholylCoA:taurine N-acyltransferase remained significantly less. This pattern of development differs from that described in the hamster in which there was good correlation between the activity of both enzymes at all ages studied (14). It is clear from our data that cholyl-CoA ligase activity in the rat was higher at 21 days than adult activity and that this increase in enzyme activity corresponded to a similar surge in overall bile acid conjugation. These findings confirm the suggestion that the overall rate of bile acid conjugation is limited by the ligase activity (16, 32). The liver at 21 days was able to support a high rate of bile acid conjugation even though N-acyltransferase activity was significantly less than the adult.
The effect of hormones on the ontogeny of individual enzymes involved in bile acid conjugation was not examined in this study. However, it is tempting to speculate that the high serum concentrations of corticosterone documented to be present during the 3rd wk of life in the rat may have a greater or even a specific effect on cholyl-CoA ligase. The increase in overall conjugating activity at weaning may, in fact, be mediated by itlduction of ligase activity by corticosterone as part of the "late suckling" cluster of enzymes (9). The lack of a similar dramatic increase in transferase activity suggests that the enzyme may not require corticosteroids for its development. In a previous study we have shown that cortisone acetate treatment was not able to precociously induce another soluble transferase, bile acid sulfotransferase, when administered in the same pharmacological dose and at the same time as in the current study (1).
The biological significance of our findings must be considered in conjunction with other changes which are occuning in the enterohepatic circulation of bile acids during development. We
